In this paper, three different indentation methods have been investigated for crack arresting and fatigue life enhancement of cracked components. The influence of residual stresses induced by indentation on fatigue crack growth (FCG) rate was explored by experiments and numerical simulations. Fatigue tests were conducted on a group of specimens which were indented on the crack tip by various indentation load magnitudes. For another group of specimens, the double indentation and triple indentation methods were applied on the cracked specimens with the aim of obtaining proper residual stress fields that contribute to higher crack growth retardations. Both the numerical and experimental results revealed that the higher indentation loads led to larger domain of compressive residual stress around the crack tip and consequently to higher fatigue life extension. In addition, the triple indentation method resulted in more FCG retardation compared to single and double indentation methods. Furthermore, for the specimens repaired by double and triple indentation methods, indenting ahead of the crack tip led to retardation in more crack growth compared to the other horizontal positions of indentation.
In addition to the above-mentioned fatigue crack retardation methods, the indentation technique can be used for cracked components under fatigue loading. This technique utilizes a compressive force applied by an indenter in order to induce residual compressive stresses around the crack tip. Three major indentation methods can be considered for fatigue life extension, including the single indentation at the crack tip (see Fig. 1a ), double indentation on both sides of the expected crack path (see Fig. 1b ), and triple indentation (i.e. one indentation at crack tip and two symmetric indentations at both sides of the crack path) (see Fig. 1c ). The single indentation is used to reduce the stress singularity at the crack tip, to reduce the stress intensity factor, and hence to retard the FCG 24 . Indenting two regions symmetric relative to the crack line is the other method to decrease the crack growth rate and to increase the fatigue life of the cracked part. The triple indentation method which is introduced in this paper is a combination of the single and double indentation methods.
The single and double indentation methods have been investigated in very few papers. A number of researchers investigated the parameters that affect the single and double indentation methods for example
Goto et al. 24 studied the concurrent effects of stop-hole and indentation on the arrest of FCG. Their results
showed that drilling stop-holes in the vicinity of crack tip increased the FCG life about three times while the effect of an indentation was considerably more remarkable. According to the experiments conducted by Goto et al., by using indentation at stresses above the fatigue limit, up to about 50 times increase in the FCG life was obtained. Ruzek et al. 25 showed that crack growth retardation can be induced by applying mechanical impact in front of the crack tip. They also investigated numerically the effects of impact energy, crack length and load level on the FCG retardation. In a paper by Song and Sheu 26 , the magnitude of indentation loads applied on both sides of the expected crack path was changed and its effect on the crack retardation development was evaluated. By applying 3-10 kN indentation loads using a hemispherical indenter, their results revealed that stronger crack closure effects and better growth retardations can be achieved when higher indentation loads were applied. Lim et al. 27 proposed a new geometry for the indenter namely the ring indenter and tested a number of single edge crack specimens repaired by the proposed indenter under fatigue loading. According to their experimental results, the compressive residual stresses induced inside the ring-shape indentation area improved the total fatigue life of the tested samples.
As mentioned above, all the previous researches on indentation technique are limited only to simple cases of single and double indentations. The aim of this paper is twofold: first to study the effects of geometry and loading parameters on the performance of single and double indentation methods, second to investigate the efficiency of triple indentation method on the life enhancement of cracked specimens under fatigue loading in comparison with single or double indentation methods. The indentation load level and the horizontal positions of indentation relative to the crack tip are considered as the main variables in both numerical and experimental studies. The effect of indentation on stress variation along the crack path, crack growth rate and fatigue life are evaluated numerically and experimentally and proper locations for indentations with maximum fatigue life improvement are determined.
Experimental procedures
For conducting fatigue tests, compact tension (CT) specimens were fabricated from aluminum alloy 7075-T6 with a thickness of 5 mm and width of 60 mm. The CT specimens were all made in the L-T orientation i.e. the crack propagation was in the transverse direction relative to the rolling direction. The dimensions of specimens and the locations of indentation are illustrated in Fig. 2 , where V and H are vertical and horizontal positions of indentation center with respect to the crack tip. The stress-strain curve of the material obtained from tensile test according to ASTM E8/E8M is shown in Fig. 3 . The mechanical properties of aluminum alloy 7075-T6 are presented in Table 1 . All the specimens were fabricated using a milling machine; besides CNC wire cut machine was employed for creating the initial notches of length 34 mm. Indentation load level and the horizontal position of indentation were the two variable parameters investigated in the experiments.
The specimens were tested under constant amplitude axial fatigue loading, using a closed-loop servohydraulic testing machine with a sinusoidal waveform loading at a frequency of 10 Hz. The stress ratio R was 0.1 and the maximum load of Fapp = 1.3 kN was applied to all specimens. A pre-crack of length a0 = 4 mm was created in each specimen by fatigue loading and then a hemispherical indenter with 5 mm diameter was employed for making indentations on one side of each CT specimen (see Fig. 4 ). The specimen was under-pinned by a thick plate, then the indenter was pressed in front of the crack tip. The practical process of applying the single indentation method at the crack tip has been well described in references [24, 25, 27] . Such procedures often include a preparation stage for crack tip detection using appropriate non-destructive testing (NDT) techniques. The same NDT methods can also be used for the double and triple indentation methods to find the crack geometry. Once the crack geometry is found, the locations of the indentation centers on both sides of the crack line can be specified. According to the small thickness of the CT specimens compared to the other dimensions, there is a chance of distortion and buckling of samples during the tensile test. In order to prevent buckling of the specimens during the loading process, four anti-buckling plates were used on both sides of CT specimens. Fig. 5 illustrates the configuration of anti-buckling plates. Four steel plates were placed on both sides of CT specimens which were fastened by screws. The fatigue test set up is illustrated in Fig. 6 . Three samples for each specimen configuration were manufactured and tested.
Three sets of experiments were performed: single indentation, double indentation and triple indentation.
In the first set of fatigue tests, three different indentation loads of Find = 1, 1.75 and 2.5 kN were applied just ahead of the crack tip to study the influence of indentation load level on the FCG retardation of CT specimens when single indentation method is employed. For the second set of fatigue tests, in order to investigate the influence of horizontal location of double indentations, symmetric double indentations with a fixed indentation load level of Find = 2.5 kN, were applied in three different horizontal positions of indentation centers relative to the crack tip (H = -2, 0, 2 mm) and a constant vertical distance of V = 2 mm (see Fig. 2 ). A combination of single and double indentations was employed for the third set of specimens repaired by the triple indentation method. After applying the indentation loads, the indented specimens were subjected to cyclic loading and the incremental FCG life was recorded for every 1 mm segment of FCG. A digital camera (Canon EOS 600D with an EF 100 mm f/2.8 Macro Lens, Tokyo-Japan) was used to track the fatigue crack growth at 5 s intervals during testing so that the fatigue crack growth life-crack length (N-a) data could be generated. The cyclic loading was interrupted when the crack length reached from the initial length of 4 mm to the value of a = 12 mm.
Finite element simulation
The numerical evaluation of indentation effect on the stress distribution along the crack growth path was conducted by a set of three-dimensional finite element (FE) analyses using ABAQUS software. The FE model was consisted of two parts, a rigid shell as the hemispherical indenter of 5 mm diameter and one deformable part with elasto-plastic material behavior representing the CT specimen with the dimensions of 62.5 60 5  mm and a pre-crack of length a0 = 4 mm. The specimen was simulated according to the mechanical properties listed in Table 1 using 20-node quadratic brick elements. A mesh convergence study was also undertaken to ensure that a proper number of elements was used in finite element analysis.
The discretized model is shown in Fig. 7 . With the aim of improving the accuracy of the results, higher mesh density was used near the crack tip. FE simulations were conducted in three general steps including:
(1) Indentation process: applying appropriate indentation loads (Find) on the model of CT specimen.
(2) Removing the indenter from the specimen surface.
(3) Application of crack opening load i.e. the maximum load applied in the axial fatigue test Fapp = 1.3 kN, on the CT specimen.
During the first two steps, the bottom surface of CT specimen was fixed normal to its plane. Before step 3
i.e. at the end of step 2, this boundary condition was deactivated. As the output of analysis, the stress field near the crack tip on the indented surface was recorded before and after applying the opening force. The contact between the indenter model and the CT specimen model was defined using the penalty contact method. Fig. 8 . illustrates a typical contour map of residual out-of-plane stress near the crack tip for the FE model indented on the crack tip by Find = 1 kN load level.
Results and discussions
Two investigated variable parameters are the indentation load level and the indentation position with respect to the crack tip. The results related to each indentation method are described and discussed in this section.
Single indentation method
The indentation method is based on applying external loads that produce localized inelastic deformation.
Upon removal of the external loading, both tensile and compressive stresses are induced in the specimen in order to satisfy all equations of internal force and moment equilibrium. The distribution of these residual stresses and their magnitude play the key role in improvement of fatigue resistance. The favorite residual stress field resulted by indentation can be obtained if the compressive part of the stress distribution occurs in front of the crack tip and along the expected path of crack growth. But, exactly at the pre-crack length, the indentation caused a sudden reduction of the FCG rate. Higher indentation loads resulted in more reduction in the FCG rate. The minimum crack growth rate is related to the indentation load value of 2.5 kN. As it can be seen from Fig. 9 , the tensile residual stress next to the compressive field resulted in higher FCG rates after the indentation region compared with the plain specimens. However, the reduction of FCG rate is much higher than its increase due to the tensile residual stresses. The details of fatigue tests performed on the CT specimens repaired by single indentation are provided in Table 2 . Fig. 11 shows the experimental fatigue lives of specimens which were indented on the crack tip by various indentation load levels. Up to the pre-crack size of 4 mm, the curves for all specimens are coincided, however, for larger crack lengths, there is a sudden increase in the fatigue life for the indented specimens. The FCG life improvement for the indentation loads of Find = 1, 1.75 and 2.5 kN were about 33%, 67% and 143% compared to the plain specimen. Additionally, a strong dependency on the indentation load can be observed that reveals the influence of magnitude of compressive residual stress (see Table 2 ). According to the experimental results, it can be concluded that the majority of fatigue life in the indented specimens is nearly controlled by the FCG life up to a -a0 = 1 mm.
Double indentation method
Selecting appropriate positions for indentation is of great importance. In order to determine the proper positions for double indentation, three different horizontal indentation positions of H = -2, 0 and 2 mm were considered in FE simulation. Fig. 12 displays the distribution of Y axis residual stress σy around the crack tip for these three positions. (Fig. 9a ) and double indentation (Fig. 13a ) methods reveals that lack of tensile residual stresses in the specimens repaired by double indentation method has intensified the FCG retardation for the cases of H = 0 and 2 mm. As it is illustrated in Fig. 13b , after applying the opening force, the compressive residual stress ahead of the crack tip is also dependent on the indentation position, the maximum compressive stress corresponds to the model which was indented in positive horizontal position (H = 2 mm). Since indentations ahead of the crack tip is more capable of reducing the stress singularity at the crack tip (Fig. 13b) , the maximum FCG retardation is observed for the specimen with positive indentation position (H = 2 mm) (see Fig. 14) . In this case, the specimen is indented on the expected crack growth sector and hence a larger length of crack growth path is under the influence of indentation residual stress field.
Indenting the CT specimens in horizontal positions of H = -2, 0 and 2 mm provides 37%, 167% and 265% fatigue life enhancement, respectively. In all cases, when the crack tip passes the compressive residual stress field induced by indentation, the crack extends with higher rates. Therefore, the FCG rates of different repaired specimens have roughly equal values for larger crack lengths. The details of FCG lives of double indentation specimens are provided in Table 3 .
Triple indentation method
As previously mentioned, the single indentation method provides considerable compressive residual stress at crack tip followed by a tensile residual stress (Fig. 9a) . However, the double indentation method induces pure compressive residual stress along the FCG path with lower compressive stresses compared to single indentation method (Fig. 13a) . In this section, these two indentation methods are combined and the triple indentation method is suggested in order to provide a high level of compressive residual stresses around the crack tip followed by a lower tensile residual stress field. According to the triple indentation method, one indentation is performed on the crack tip and two indentations are also performed symmetrically on both sides of the crack line in three different horizontal indentation positions of H = -2, 0 and 2 mm. Table 4 .
Observation of microstructure around the indentation area
The fracture surface of specimens after fatigue failure was studied via scanning electron microscopy (SEM). Decreased distances between the parallel lines represent reduction in the FCG rate and consequently, enhancement in the fatigue life of specimen. As shown in Fig. 21 , all the indented specimens have lower spacing between the fatigue striations compared to the plain specimen. Therefore, the crack growth rates in the indented specimens are lower than that of the plain specimen, which are in accordance with the observations described in Sections 3.1 to 3.3.
As mentioned before, all the indentations in this research were only performed on one side of the cracked specimen which is suitable for repairing the components which can be accessed only on one side. It is expected to have higher fatigue retardations for indentation on both sides of the crack due to higher residual stresses around the crack tip. It is finally noted that although the vertical distance of crack flank indentation was considered to be constant in this research, further studies can be conducted using various vertical distances of indentation in order to assess its effect on FCG rate. Even though the reported results in this paper are obtained for the CT specimens made of 7075-T6 aluminum alloy, the same approaches can be developed to extend the FCG life of other cracked specimens.
Conclusions
The (a) after indentation and before applying the opening force (residual stress) and (b) after applying opening force. 
